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Abstract

An 80-point genetic map [ 77 random-amplified polymorphic DNAs(RAPD), F (female sex expression), de (determ-
inate), and Il (little leaf)] was constructed from a narrow cross in cucumber using the determinate, gynoecious,
standard-sized leaf line G421 and the indeterminate, monoecious, little leaf line H-19. The map defined nine
linkage groups and spanned ca. 600 cM with an average distance between markers of 8.4 + 9.4 cM. The RAPD
loci BC-551 and BC-592 were found to flank Il at 3.4 and 12.2 cM, respectively. The locus OP-L18-2 was linked
(16 cM) to de, and the F locus was flanked by markers at 44 and 31 cM. One-hundred F; families were used
to identify quantitative trait loci (QTL) for sex expression, main stem length, number of lateral branches, days
to anthesis, fruit number and weight, fruit length and diameter, and fruit length: diameter ratio in two replicated
test locations (Wisconsin and Georgia). QTL on linkage group B explained major portions (R? = ca. 2 to 74%)
of the variation observed for sex expression, main stem length, lateral branch number, and fruit diameter (LOD
= 2.1 to 29.8). Although ca. 62 to 74% of the variation for sex expression was associated with a putative QTL
spanning the F locus (OP-AJ-2 to F and F to de), other regions (three) of the genome were important for the
determination of sex in the F3 families examined depending upon environment. The number of genomic regions
affecting main stem length (five) and number of lateral branches (three) coincided with expectations as determined
by calculations of minimum number of genesin previous studies. Evaluation of QTL associated with severa fruit
number determinants of early, first-harvest yield demonstrating additive genetic variance (i.e., sex expression, main
stem length, and number of lateral s) suggests that marker-assisted selection may have utility for the development of
determinate, multiple lateral branching germplasm suited for once-over mechanical harvesting in this population.

Introduction of unique genes in this species. For instance, plant

habit attributes from a wild-type cucumber, C. sativus

The commercia cucumber (Cucumis sativus L. var.
sativus; hereafter referred to as C'. s. var. sativus) has
a narrow genetic base [6, 16]. Thus, the use of exotic
germplasm possessing economically important traitsis
desirablefor population devel opment andintrogression

Mention of atrade name, proprietary product, or specific equip-
ment does not constitute a guarantee or warranty by the USDA and
does not imply its approval to the exclusion of other products that
may be suitable.

var. hardwickii R. Alef. (hereafter referredto as C. s.
var. hardwickii) have been introduced in commercial
cucumber during population development to increase
fruityieldin C. s. var. sativus [37].

Efforts have been made to broaden the genetic base
of C. s. var. sativus germplasm using C. s. var. hard-
wickii [24]. Nevertheless, undesirable traits carried
along in such wide crosses [20] can delay population
improvement efforts, and thus adapted germplasm is
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often used for insuring short-term advancesfrom selec-
tion. Recent development of multiplelateral branching
and sequential fruiting genotypes, such as the C. s.
var. sativus-derived inbred line H-19, has provided
an opportunity to introgress economically important
characteristics in elite cucumber germplasm [11, 32].
H-19 has potential for increasing yield in commercial
cucumber because it possesses unique traits that can
dramatically alter relationships among yield compon-
ents (e.g., sex expression, days to flower, and fruit
number and weight) in standard indeterminate variet-
ies. When placed in a determinate genetic background
such multiple lateral branching cucumber types may
have utility in once-over mechanical harvesting opera-
tions.

Traditional genetic analyses of diverse cucumber
populations have indicated that genetic variance for
yield componentsis directly related to the genetic dis-
tance between the parents involved [24, 32, 34, 43].
Likewise, genome mapping of cucumber has indic-
ated that thefrequency of polymorphismincreasespro-
gressively as the genetic distance between the parents
increases [14]. Various protein and DNA-based tech-
nologies have been evaluated for their potential use
in plant improvement [2, 44, 45]. Molecular markers
can be used to assist in the introgression of economic-
ally important genes during population improvement
and to increase the rate of gain from selection [3, 7,
27]. In order to use marker-assisted selection (MAS)
effectively in plant improvement programs, relatively
saturated linkage maps (i.e., mean distance between
markers ca. 5-10 cM) must be constructed and judi-
cioudly applied to maximize cost-benefits[41].

Isozymes, restriction fragment length polymorph-
isms (RFLPs), morphological markers, and more
recently random amplified polymorphic DNAs (RAP-
Ds) have been used extensively for genomeexploration
incucumber [14, 15]. Each marker type hasadvantages
and disadvantages incumbent for their use [41]. Poly-
merase chain reaction (PCR) methodologies, such as
RAPDs, which amplify DNA fragmentsin regionscon-
taining moderate to high copy sequences can provide
for markersin regions of the genome previously inac-
cessible to analysis by Southern hybridization [25].
Thus, well-defined, repeatable RAPD markers can be
used in conjunction with codominant markers to bet-
ter describe genomes[42]. Where the genetic distance
between mapping parents is relatively small (i.e., in
narrow crossing), the use of RAPD technologies may
provide for more critical elucidation of the genome.

Using the formulae given by Beckman and Soller
[2], the genomic length of cucumber can be estimated
to be between 800 and 1000 cM. Kennard et a. [14]
constructed a 58-point map in a narrow cross and a 70-
point map in awide crossin cucumber to span 766 and
480 cM respectively. While the map constructed from
the narrow cross consists of RFLP (31), RAPD (20),
isozyme (5), disease resistance (1) and morphological
(1) markers, the map developed from the wide cross
does not include RAPD markers. RFLPs were used in
the narrow cross to investigate QTL associated with
fruit quality components [15], and in the wide cross
to identify QTL associated with yield components[5].
Since existing cucumber maps are not well saturated
and QTL for yield components have not been docu-
mented in a narrow cross using molecular markers,
there is a need for the characterization of additional
molecular loci in cucumber. Therefore, we used line
H-19 in a narrow cross in cucumber to construct an
80-point RAPD and morphological markers map and
identify QTL associated with yield components for
once-over harvest.

Materialsand methods
Germplasm and popul ation devel opment

The gynoecious determinate cucumber line G421 pos-
sessing normal sized leaves was crossed with the
monoecious indeterminate little leaf line H-19. G421
wasreceived fromR. L. Lower, University of Wiscon-
sin, and H-19 is a line released by the University of
Arkansas, Fayetteville, AK as ‘Arkansas Little Leaf'.
G421 typically produces 1 to 2 fruit per harvest on 1
or 2 lateral branches originating from the main stem.
In contrast, H-19 produces5 to 20 branches depending
upon growing environment, and possesses a sequen-
tial fruiting habit (i.e., severa fruit enlarge on a lat-
eral branch). The F; between G421 x H-19 was sub-
sequently self-pollinated to produce F, progeny and
100 F5 families.

RAPD analysis

Frozen tissue from 100 F, plants was used for DNA
extraction. Standard CTAB phenol/chloroform extrac-
tion procedures were modified to optimize DNA qual-
ity and quantity inamini-prepformat [42]. About 0.1t0
0.3gmof frozen, pulverizedtissuewasplacedina2 ml
microcentrifuge tube along with two 4 mm stainless



steel ball bearings, chilled in liquid nitrogen, vortexed
for 15, rechilled, then vortexed for an additional 15 s.
About 750 ul of CTAB buffer (2% CTAB, 1.4 M NaCl,
20 mm EDTA, 0.1 M Tris, 1% 2-mercaptoethanol)
was added, vortexed for 30 s, then incubated for 1 h
at 60 °C. The mixture was extracted once with phen-
ol/chloroform/isoamy! a cohol (25:24:1) and oncewith
chloroform/isoamy! acohol (24:1), the ethanol precip-
itated, and resuspended in 250 pl of 10 mm Tris (pH
8.0) and 0.1 mM EDTA, with 10 units of RNasel (Pro-
mega, Madison, WI). The solution was incubated at
37 °C for 30 min and then stored at —20 °C.

PCR amplifications were performed in 15 ul reac-
tion volumes containing 50 mM KCl, 10 mM Tris (pH
9.0), 0.1% Triton X-100, 3.0 MM MgCl,, 0.2 mM of
each of the dNTPs, 0.33 uM 10-mer primer (Oper-
on Technologies, Alameda, CA; University of British
Columbia, Vancouver, BC, Canada), 15 ng of genomic
DNA, and 1 Unit of Tag DNA polymerase (Promega,
Madison, WI) [42]. All RAPD reaction products were
electrophoresed in 20 cm x 25 cm, 1.6% agarose gels
with 0.5 pug/ml of ethidium bromidein 1x TAE buffer.
Gels were run for 3 h at 93 V in Gibco/BRL H4 gel
apparatus (Bethesda, MD), illuminated by UV light
and photographed with an Eagle Eye still video system
(Stratagene, La Jolla, CA).

To survey parental genotypes (G421 and H-19)
for polymorphisms, banding variation (presence or
absence) wasrecorded for 1520 random 10-mer (Oper-
on (OP-A1-OP-Z20 and OP-AA1-OP-AY20) and
British Columbia (BC-200-BC-700)) primers. Putat-
ive multiple loci revealed by one primer were desig-
nated by a hyphen after the primer array designation
(e.g., two loci at OP-B12-1 and OP-B12-2), and their
genetic predictability was determined by segregation
analysis. Each primer/DNA combination was replic-
ated at least two times in two different PCR runs to
confirm segregationin F, progeny. Individualslacking
bands were re-analyzed to confirm their absence.

Field evaluation

A total of F3 families, their parents, and F1 hybrid
progeny were evaluated in two U.S. locations: Tifton,
Georgia (Ultisol Plintic Paloedults: fine loamy sili-
ceous, thermic) and Hancock, Wisconsin (Typic
Udipsament; sandy mixed, mesic). Families were
arranged in randomized complete block design with
three replications per location. Each replication had
fifteen plants, and consisted of single rowswith plants
spaced 0.7 m apart in rows positioned on 1.5 m cen-
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ters. Thisplant density was chosen becauseit provided
a manageable and unbiased appraisal of the variables
examined [32].

Characters examined

Datawere collected on plant size, daysto anthesis, sex
expression, leaf size, number of lateral branches ori-
ginating from the main stem, length of the main stem,
fruit number and weight, fruit length and diameter,
and fruit length/diameter ratio (L:D) was calculated
(Table 1). While the classification of sex expression,
and measurements of numbers of lateral branches and
main stem length were made on individual plants, data
for other traits were taken collectively per replication.
Plants were harvested once when ca. 10% of the fruit
on plants within a replication were greater than ca.
4.0 cm in diameter (75 and 71 days after planting in
Wisconsin and Georgia, respectively).

Determinate (de) plant habit was determined by
observing plants six weeks after sowing. Plants which
possessed short vines with the main stem terminating
in aflower cluster were classified as determinate [28].

The number of days to anthesis was taken as the
days from planting when at least three plants per rep-
lication had reached anthesis.

Sex expression was recorded as a discrete codom-
inant or dominant trait [41], and as a quantitative
trait. When interpreted as a discrete character, fam-
ilies were designated as staminate (all male), pistillate
(all female) or monoecious (i.e., heterozygous, bear-
ing staminate and pigtillate flowers). The proportion
of pigtillate nodes in the first 10 flower-bearing nodes
was used for recording sex expression as a continuous
trait. Datawere collected on the first ten plants of each
replication. A node was considered female if it had at
least one pistillate flower.

The number of lateral branches in main stem and
main stem length were recorded on the first ten plants
on each plot. The first node was taken as that node
above the cotyledonary node. Lateral number was
taken 2 days before harvest and main stem length was
taken at harvest.

Fruit length, diameter, and L:D ratio were determ-
ined at harvest by measuring 5 randomly selected fruits
from each plot that were greater than 3.5 cm in dia-
meter.

Plants were classified aslittle, standard or interme-
diateleaf typeshby visual examination oneweek before
harvest. Extreme parental |eaf typeswere easily separ-
ated by general inspection (littleleaf (I1) areaof thefirst



260

Table 1. Means for G421 and H-19, and mean, and heritabilities (h?) for F»-derived F3 lines (F3:2) for several
horticultura traits in cucumber.

Generation  SEX LT DA NLP LMS NFP  FWP FL FD LD
G421 09%a 10c 343a 09%c 227b 2la 09a 48a 218a 226a
H-19 0.04d 30a 31.7b 630a 432a 18a 041b 49a 179c 2.60a
F3:2 014c 18b 320b 312b 358a 25a 1ll4a b51la 194bc 26la
Isd 0.04 0.6 0.40 0.25 0.54 021 018 014 0.07 0.07
h? 0.15* 038 021 0.52* 0.48* 001 029 011 0.07 0.06

SEX, sex expression; LT, leaz size; DF, number of daysto anthesis; NLP, number of laterals/plant; PL, length of
mainstem; NFP, number of fruits/plant; FWP, fruit weight/plant; FL, fruit length; FD, druit diameter; LD, fruit

length/diameter ratio. * = Narrow sense heritability.

fully expanded leaf = 30 to 40 cm?, and standard |eaf
area= 80to 100 cm? [36]). If afamily was homogen-
eous for one leaf type it was considered homozygous
(class 1 (little) or 3 (standard)). Where intermediate
leaf size phenotypes (leaf area of first fully expanded
leaf = ca. 50 to 70 cm?) were observed in aplot along
with parental phenotypes, the family was considered
segregating (heterozygous, class 2).

Linkage analysis

Linkage analysis and the order of RAPD loci were
estimated using MAPMAKER version 2.0 for Macin-
tosh (based on 21). x? goodness-of -fit tests were per-
formed on putative loci, and those deviating from
expected 3:1 segregation ratios at p < 0.05 were
excluded from linkage analysis. Of the 180 putative
polymorphic bands (loci) observed, segregation of 80
bands in 73 primers adequately fit expected ratios in
F, progeny. These loci were used for map construction
and QTL analyses. One hundred bands were elimin-
ated because they were not consistently bright and/or
their presence was unpredictable[42].

Putative linkage groups initially were determined
by comparisons of pairwise combinations of markers
usingthe‘group’ command with aminimum LOD link-
age score of 3.0 for statistical acceptance, and minim-
um recombinant fraction of 0.3. Three-point analyses
were performed on each linkage group, taking consec-
utive markersthree at atime. A LOD value of 3.0 was
used as the linkage criterion for each triplet combin-
ation, and the three-point analysis generated the most
likely order for the loci examined. The most likely
order for the linkage group was tested with the ‘rippl€
command. The ‘drop marker’ command was used to
determine whether the presence of individual markers
was causing an overestimate of the map size because

of experimental errors due to scoring (default setting
of 1% apriori probability of error) [23]. WhenaLOD
error > 1.0 was detected, progenies were re-evaluated
at least twice and adjustments (corrected or entered as
missing data) were made in the data set for those pro-
geny that were found to be inconsistent. The Kosambi
mapping function was used to convert recombination
fractionsto map distances [17].

QTL analysis

Prior to QTL analyses, data of trait means were tested
for normality using the PROC UNIVARIATE routine
in SAS [29]. Skewness was detected in data for fruit
diameter, and thereforelogarithmic transformation was
performed on mean values to improve normality (log
transformed data reported).

Analysis of variance (ANOVA) was performed for
all traitsto determinethe effects of sourcesof variation
(locations, families and interactions). Variance com-
ponents and heritabilities were previously determined
by Serquen et al. [32], and were used for interpreting
theoutcome of the QTL analyses. One-way analyses of
variance (p < 0.001) and interval mapping were used
to test the association of markers with the QTL for
each trait. Both methodologies were used to confirm
detection of QTL. The first test was performed using
the PROC GLM routinein SAS[29]. Interval mapping
tests with a LOD score of 2.0, as the threshold for
detecting QTL locations [22], were performed using
MAPMAKER/QTL version 1.1. Multi-locus models
were constructed using MAPMAKER/QTL and mul-
tiple regression via backwards elimination [29]. The
latter was used to estimate the magnitude of the pheno-
typicvarianceattributableto each QTL (i.e., R? presen-
ted as %).



Results

A RAPD map: Polymorphisms and segregation of
RAPD and morphological markers

Screening of parental stockswith 1520 10-mer primers
resulted in the detection of 180 polymorphic bands.
Segregation analyses of 73 (4.8%) primersresulted in
the identification of 80 loci (i.e., mean of 1.1 marker
bands per primer) which were used in map construc-
tion. Theseresultsaresimilar to those of Kennard et al.
(15), where ca. 5.5% of the RAPD markers examined
segregated in anarrow cross (GY-14 x Pl 432860).

One primer (OP-AC17) segregated asacodominant
marker. Thirteen primers which demonstrated poly-
morphism between the parents did not segregatein F,
progeny. This monomorphic condition in F, progeny
may be due to low amplification levelsin someloci or
to maternal inheritance. Often repeating the PCR after
theinitial screening of parental stocksled to the iden-
tification of a band in one of the parents where there
was formerly no band present.

Five primers (OP-AH14, OP-120, OP-W7-1, OP-
AG17, OP-N8) exhibited deviationsfrom the expected
segregation ratios (p < 0.05). In four of these primers
(all except OP-AH14), distorted segregation was due
to an excess of individuals possessing alleles charac-
teristic of the G421 parent. The ‘drop marker’ com-
mand indicated that OP-AH14 caused map expansion
(>4.0cM) whenit was added individually to the mark-
er array. Sinceresultsfromthis primer were not repeat-
ableand its banding was difficult to interpret (i.e., light
band), it was omitted from the analysis. Three primers
(OP-C10, BC 605 and BC 503) could be placed on
a linkage group only when the LOD threshold was
relaxed below 3.0. These RAPD primers were not
placed on the map (i.e., unlinked), but two were signi-
ficantly associated with QTL for sometraits (e.g., fruit
weight (BC 605) and fruit number (BC 503)).

Segregations of F3 progenies at the F locus
adequately fit predicted ratios for either codominant
(1:2:1) or dominant (3:1) classificationineach environ-
ment tested (p < 0.05). Female sex expressionin Geor-
giawas greater than in Wisconsin (Table 2). Since sig-
nificant differences(p < 0.05) were observed between
environments, mapping was performed separately for
each environment. Althoughthe F locusmappedto the
samelinkage group regardlessof environment, interval
values (mean + SE) calculated from each location did
not span the same position on linkagegroup B (datanot
presented). The interval difference between the map
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position of the F locus for the environments eval uated
was about 26 cm. Thislack of consistency between the
placement of the F locus resulted in an expansion of
the map. Since gynoecy was more frequent in Georgia,
only datafrom thislocation was used for placement of
the F locus on the map [30].

A 80-point map consisting of 77 RAPD markers
and three morphological markers distributed among
nine linkage groups (designated A to 1) spanning
599.6 cM was constructed (Figure 1). The aver-
age distance between markers was 8.4 + 9.4 cM.
The longest linkage intervals between markers were
observed between the F locus and OP AJ-2 (44 cM)
andtheF locusand de (31.2cM) in group B. Thislink-
age group was the longest (199 cM) of the nine groups
identified and contained 26 (31% of total) markers.
Neither the F nor the de locus were terminal markers
on thislinkage group (e.g., de locus was linked to OP-
L18-2, 16.0cM). Thell locus mapped to linkage group
D and was flanked by BC-551 (3.4 cM) and BC-592
(12.2cM).

QTL Analysis

Analyses of variance performed on F3 family means
detected significant differences between locations (L),
and among families (F), and interactions between fam-
ilies and locations for most of the traits examined
(Table 2). For leaf size, days to anthesis, number of
lateral branches, length of main stem, and number of
fruits per plant the L x F interaction was not signific-
ant (p < 0.05). Nevertheless, since most of the traits
examined exhibited L x F interaction, the QTL ana
lysiswas performed on alocation basis.

Results obtained from one-way ANOVA (p <
0.001) and MAPMAKER/QTL (LOD score 2.0) ana-
lyseswereessentially equivalent (i. e., analysesdefined
similar marker-trait associations). Increasing p values
(i.e., decreasing stringency) in one-way ANOVASs (e.g.
p < 0.05,p < 0.01, forindividual markers) resultedin
additional genomic regions showing significant associ-
ations with most traits. These QTL may either repres-
ent minor genetic factors affecting atrait’s expression
or spurious associations. The threshold significance
level for marker-trait associations used was conser-
vative (p < 0.001) in order to reduce the probability
of false-positives[22]. Using MAP MAKER/QTL, 16
genomic regions were found to be associated with the
traitsexaminedin Georgia, and 22 regionsassociations
were detected in Wisconsin (Table 3). Sex expression,
number of lateral branchesand main stemlength exhib-
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Table 2. Analysis of variance of G421 x H19-derived F3 lines (F3:2) for several horticultural traits in cucumber averaged over three

replications and two locations.

Source df  SEX LT DA NLP LMS NFP FWP FL FD LD
Location (Loc) 1 0431** 0.6215 2574.6** 0.0069 14.53** 6.752** 3.914** 4.574** 3.320** 0.056**
Rep/Loc 4 0.012** 0.0718 15.7** 0.6991**  0.59 1595** 0.922** 0.153** 0.025** 0.083**
Families (Fam) 103 0.008** 0.2723 9.5%* 0.4046** 2.07** 0.125** 0.163** 0.083** 0.024** 0.014**
Loc x Fam 96 0.0018* 0.0628 5.8 0.0770**  0.39* 0.088 0.065** 0.058** 0.019** 0.011**
Error 0.0013  0.0667 4.047 0.0801 0.30 0.078 0.040 0.026 0.007 0.007

SEX, sex expression; LT, leaf size; DA, number of days to anthesis; NLP, number of laterals/plant; LMS, length of mainstem; NFP,
number of fruits/plant; FWP, fruit weight/plant; FL, fruit length; FD, druit diameter; LD, fruit length/diameter ratio.

ited the largest number of QTL of the traits examined.
This might have been expected given the differences
observed between the parentsfor thesetraits (Table 1).

Sex expression.  Five QTL for sex expression were
detected in Georgia using MAPMAKER/QTL, four
were identified in Wisconsin (Table 3). The unique
QTL for sex expression (spanning OP-H5 to OP-R13)
detected in Georgia was located on linkage group C
(Figure 1). The largest QTL for sex expression was
associated with the F locus in linkage group B (OP-
AJ2toF LOD = 28.3in Georgia, and F tode, LOD
= 29.8in Wisconsin).

Main stem length. Three QTL for main stem length
were detected in each location (Table 3; Figure 1). The
major contributionto variationin main stemlengthwas
detected in the interval F-de, which explained about
45% and 39% of the total variation for this trait in
Georgiaand Wisconsin, respectively. Additional chro-
mosomal regions which defined variation for this trait
were found in linkage groups C (OP-R13 to OP-H5;
R? = 6.5%) and E (OP-U15-2to OP-120; R? = 8.0%)
in Georgia, and groups D (Il to BC-592; R? = 12%)
and G (OP-AB14 to BC-469; R? = 9.5%) in Wiscon-
sin.

Number of lateral branches per plant. A common
QTL (spanningdeto OP-L 18-2) wasidentified for both
locations on linkage group B (Table 3; Figure 1). This
QTL explained about 40% and 37% of total phenotypic
variancein Georgiaand Wisconsin, respectively. Addi-
tional QTL were detected in linkage group D that also
explained the variation observed in Georgia (BC-403
to OP-W7-2, R? = ca. 14%) and Wisconsin (OP-AJ6
to BC-523, R? = 11%).

Daystoanthesis. Two location-dependent QTL were
detected for days to anthesis on linkage group B
(Table 3; Figure 1). While one QTL (spanning de to
OP-L18-2, R? = ca. 13%) was identified from pheno-
typic variation in Georgia, two QTL (spanning OP-C7
to BC526, R?> = ca. 8.0 and OP-L18-2 to OP-J5-1,
R? = ca. 13.0) were detected in Wisconsin.

Fruit number. One region on linkage group B (span-
ning de to OP-L18-2, R? = ca. 9.0%) was found to
be associated with variation in fruit number in Georgia
(Table 3, Figure 1). In Wisconsin, aregion on linkage
group B (spanning F to de) also explained about 9% of
thevariationfor thistrait. In addition, aregion on link-
age group D (spanning Il to BC-592) and aregion on
group H (spanning OP-M8-1 to OP-N6-2) explained
ca. 20% and 6.0% of the variation, respectively.

Fruit weight. One region containing the |l locus was
detected in linkage group D (BC-551 to Il) which
explained a major portion of the variation for fruit
weight in Georgia (R? =ca. 40%) (Table 3, Figure 1).
About 38% of the variation for thistrait was explained
by three QTL in Wisconsin (group B, L18-2 to OP-J5-
1; group D, Il to BC-592; group H, L18-2 to OP-J5-1).

Fruit length.

One region on linkage group D (spanning Il to BC-
592) was detected that explained amajor portion of the
variation for fruit length in Georgia (R? = ca. 21%)
and Wisconsin (R? = ca. 31%) (Table 3, Figure 1).

Fruit diameter.
Two regions, one on linkage group B (spanning de

to OP-L18-2) and another on linkage group D (span-
ning BC-551 to Il) collectively explained ca. 38% of
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Figure 1. RAPD-based linkage map of cucumber (Cucumis sativus L. var. sativus). Linkage groups are designated by upper-case letters,
morphological markers are in bold, and RAPD markers are named as described in Materials and methods. Aberrantly segregating loci are

designated as * (P < 0.05).

the variation for fruit diameter in Georgia (Table 3,
Figure 1). Likewise, two regions identified on link-
age group B (spanning OP-C7 to BC-526 and F to
de) explained ca. 19% of the variation for this trait in
Wisconsin.

Length/diameter ratio. Two regions, one on linkage
group B (spanning F to de) and the other on linkage
group D (BC-551 to Il) were found to explain 28% of
the variation for length:diameter ratio only in Wiscon-
sin (Table 3, Figure 1).
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Table 3. Significant marker QTL associations detected by with interval mapping in a narrow cross in

cucumber.
Trait Interval Linkage Georgia Wisconsin
group LOD  R? (%) LOD  RZ (%)
Sex expression OP-AW14 - OP-C1 B 4.9 104 5.08 8.1
OP-AJ-2-F B 28.3 67.4
F -de B 29.8 74.2
OP-H5-OP-R13 C 27 7.8
OP-W7-1-OP-L19-2 F 41 6.0 34 52
OP-AIl4-OP-AO12 | 3.0 21
Mainstem length  F-de B 124 44.5 134 39.0
OP-R13-OP-H5 C 25 6.5
11-BC-592 D 24 121
U15-2-0OP-120 E 24 8.0
OP-AB14-BC-469 G 24 9.5
No. of laterals F B 55 13.1
de-OP-L18-2 B 104 39.6 10.1 37.0
BC-403-OP-W7-2 D 4.6 13.6
OP-AJ6-BC-523 D 33 11.0
Daysto anthesis  de-OP-L18-2 B 39 128
OP-C7-BC-526 B 31 8.1
OP-L18-2-0OP-J5-1 B 34 129
Fruit number de-OP-L18-2 B 21 9.3
F-de B 27 9.2
11-BC-592 D 4.2 198
OP-M8-1-OP-N6-2 H 24 6.0
Fruit weight BC-551-I1 D 11.9 39.7
OP-L18-2-OP-J5-1 B 28 9.2
11-BC592 D 4.2 20.6
OP-M8-1-OP-N6-2 H 25 7.8
Fruit length Il -BC-592 D 6.1 214 6.1 31.0
Fruit diameter de-OP-L18-2 B 37 15.7
OP-C7-BC-526 B 26 9.2
F-de B 2.8 9.6
BC-551-I1 D 4.7 21.9
Ratio L/D F-de B 33 13.7
BC-551-I1 D 31 144

Discussion

The acreage for once-over mechanical harvesting of
processing cucumber is increasing in U.S. northern
production areas [40]. Thus, there is a need to devel-
op high yielding varieties for once-over mechanical
harvesting. Determinate multiple branching genotypes

provide potential for increasing yieldincucumber [39].
Thediscrete nature of de and the additivity of genesfor
lateral branching and main stem length suggest that the
selection for determinate multiple lateral phenotypes
differing in size is possible using the narrow cross in
this study [32]. However, vegetative propagation of
determinate genotypes is difficult and gentoype mis-



classification of determinate multilateral phenotypes
due to a lack of apical dominance makes selection
inherently difficult [39]. Thus, genetic markers that
allow for early selection of determinate genotypesin a
multiplelateral background would be auseful addition
to traditional phenotypic selection strategies.

The linkage map reported herein is the second to
utilize RAPDs in cucumber [14] and consists of nine
linkage groups. Although the map was constructed
principally with RAPD markers, it defines the relative
map location of de, F, and Il, and QTL associated with
yield components in a narrow cross. Its total length
is shorter by comparison than a map derived from a
narrow cross reported by Kennard et a. [14] (ca. 600
VS. ca. 766 cM), but longer than a map developed from
awide cross (ca. 480 cM) in cucumber. Given current
estimates of total length [14], this map spans 85% of
the genome with an average distance between markers
of 8.4+9.4cM. Someregionsof thismap contain gaps
and others are well saturated. For instance, relatively
large gaps (spanning OP-AJ-2 to F and F to de) and a
cluster (spanning OP-C1 to OP-AJ-2) of markers was
observed on linkage group B (Figure 1). Such gaps
have been found in genetic maps of other species(e.g.,
[26]) and does not necessarly preclude QTL analysis
and MAS[18]. Although the addition of markers may
fill existing gaps, such additions will not necessarily
enhance QTL detection or map utility in MAS[10].

The maps of Kennard et al. [14] defined 10 linkage
groups in both narrow and wide crosses in cucumber.
Thisis greater than the seven predicted for this species
and indicates the existence of gapsin genomicinform-
ation in these maps. Using the data from segregating
progeny in this study, a complement of seven chromo-
somes was achieved when the LOD score was relaxed
to 2.96 and an r of 0.3 (linkage groups not presen-
ted). When these thresholds were employed, linkage
groups B and E, and groups F and H merged to form
two larger groups. Relaxing the stringency, however,
increases the chance of identifying spurious linkages
which resultsintypel errors.

Fruit number determinants of early, first-harvest
yield in cucumber involves sex expression type and
source sink relationships (e.g., main stem length and
multiple branching habit) [32]. Genetic estimates
of variance and covariance for yield components in
this mapping population (G421 x H-19) have been
examined [32]. Additive and dominant genetic vari-
anceswere important for the expression of sex. Differ-
ences among F3 familiesin the expression of gynoecy
could be explained by a lack of complete dominance
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at the F locus [33], or by the proposed existence of
multiple F aleles [19]. Main stem length and mul-
tiplelateral branching exhibited mostly additive genet-
ic variance. The minimum number of genetic factors
controlling number of lateral branches and main stem
length were estimated to be 4, and 8, respectively [32].

The data presented provide support for the control
of gynoecy at the F locus [14, 33], and evidence for
the role of other chromosome regions in determining
sex in cucumber (Table 3). The magnitude of QTL
associated with F locus (linkage group B; Figure 1)
detected in this study, shows the relative importance
of thislocusin determining gynoecious sex expression
in cucumber (Table 3). The F locus was also mapped
to a unique position in other maps constructed from
narrow and wide crosses in cucumber [14]. However,
in al previously constructed cucumber linkage maps
[14] and the one created in this study, genetic markers
were positioned relatively far from the F locus. The
closest marker (RFL P) was positioned 9 cM from theF
locusin awide cross (C. s. var. sativus GY14 x C. s.
var. hardwickii Pl 183567) [14].

Studiesby Trebitsh et al. [46] indicatethat agenom-
ic region encoding ACC synthaseis located in linkage
group B coincident with the F locus (recombination
frequency of 0%). This region is either the F locus
itself or aclosely linked female modifying factor. In a
wide cross of cucumber, 90% of the variation for sex
expression was explained by a QTL which included
the F locus [14]. In our study, ca. 67% and ca. 74%
of the variation for sex expression was associated with
one QTL and included the F locus. In both studies,
dataindicate that other regions of the genome interact
to modify sex expression. It is plausible that, in our
population, the genomic regions identified on linkage
groups B (OP-AW14 to OP-C1), C (OP-H5 to OP-
L19-2), F (OP-W7-1to OP-L19-2), and | (OP-Al4 to
OP-AQ012) (Table 3) may operate to modify the action
of the F locusin cucumber.

Itiswell knownthat trait expression can be affected
by environment[1, 8]. Thefact that QTL of comparat-
ively smaller magnitudein this study were not consist-
ently expressed across locations (e.g., sex expression
QTL detected in Georgiaspanning OP-H5 to OP-R13)
may be related to genotype by environment interac-
tion (Tables 2 and 3). The differencein sex expression
between Georgia and Wisconsin was predictable since
expression of the F locus is known to be affected by
environment [4, 9] and sex-modifying genes[19, 48].
The ambient temperature, light intensity and relative
humidity was higher in Georgia when compared to
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Wisconsin (datanot presented). Theseand other factors
undoubtedly played a role in the determination of the
sex expression differences observed between growing
locations (Table 2). In contrast, although determinate
plant habit (de) and leaf size (Il) can also be affected
by environment [36, 38, 39], their expression across
environmentsin this study was relatively uniform, and
thereforethese characters mapped uniformly to unique
map positions irrespective of growing environment (B
and D, respectively, Figure 1).

The number of genomic regions affecting main
stem length (five) and number of lateral branches
(three) wererelatively low and closeto theexpectations
as determined by computational estimates of humbers
of genetic factors [32]. Genetic effects (i.e., domin-
ance, additivity, epistasis) of QTL aredifficult to estim-
ate, and are often underestimated [31], because gen-
otypes can not be completely classified during RAPD
analysis. The genomic regions affecting main stem
length were fewer than the estimated genetic factors
because some putative genomic regions were elimin-
ated due to the mapping thresholds used. Moreover,
since elite parents were used for mapping, some hor-
ticulturally important traits (e.g., yield components)
may have been fixed in the inbred lines and thus the
QTL detected may represent small regions affecting
traits of interest.

Using RFLP mapping in a narrow cross of cucum-
ber, Kennard and Havey [15] found five QTL to be
associated with fruit length and three QTL to be asso-
ciated with fruit diameter. Isozyme and RFLP analysis
in a wide cross of cucumber detected six QTL asso-
ciated with fruit length and three associated with fruit
diameter [5]. Our analysis using RAPDs in a narrow
cross identified three QTL for fruit diameter and one
for fruit length. Although the QTL cannot be com-
pared directly, these data suggest that the number of
QTL contralling fruit dimensionsin cucumber isrelat-
ively low. This hypothesisis supported by the fact that
fruit length and diameter in cucumber can be manipu-
lated relatively easily by various phenotypic selection
strategies.

The principal objectivefor mapping and QTL ana-
lysisin our laboratory isto evaluate MAS for increas-
ing gain from selection in cucumber. Adjustments in
plant architecture in cucumber can provide opportun-
ities to increase yield. Plant measurements in this
study were taken at relatively wide spacing (ca. 19000
plants/ha). Genotypes used in once-over machine har-
vest operations are typically placed at plant densit-
ies between 150000 to 200000 plants’ha. The per-

formance of genotypes identified as having utility for
once-over machine harvest at low plant densities may
change when they are placed at high densities. Never-
theless, rankingsof relative yield performance of inde-
terminate, multiple branching genotypes derived from
C. s. var. hardwickii were similar at different plant-
ing densities [5], and determinate, multiple-branching
genotypes have been identified which retain yield per-
formance at high densities[38]. Thus, MAS may have
potential for identifying unique, high yielding geno-
typesin this and genetically similar populations.

Molecular approaches for crop improvement are
demonstrating potential for enhancing single genedis-
ease resistance in several species[13, 47]. Animport-
ant challenge is to clarify the potential usefulness of
MAS for complex traits whose expression(s) is often
the result of complex relationships among genetic
factors, environmental factors, and their interactions.
Our data suggest that MAS for main stem length and
multiple lateral branching may be effective. Because
of the LOD thresholds used (>p = 0.001) for QTL
identification, itislikely that the QTL identifiedin this
study would have value for MAS in other populations
derived from H-19 if PCR conditions are stringently
controlled [42]. However, the cost of MAS and the
fact that a close linkage between a genetic marker and
the de locus has not been found (i.e., 16 cM between
OP-L-16-2 and de; Figure 1) are important consider-
ations for using MAS in this population to identify
determinate multiple lateral branching types.

It would be of benefit to increase map saturation in
cucumber. The addition of markers may allow for the
detection of closer linkages between markers and de,
and may increase the frequency of markers associated
with QTL regions. The merging of existing cucumber
maps may afford an avenue for devel oping a more sat-
urated, unified map in cucumber. Such map merging
could be accomplished by the examination of common
markers among appropriate mapping populations and
the use of sophisticated computer software [12, 35].
Alternatively, other marker techniquescould beused to
to identify additional polymorphismsin selected map-
ping populations in an attempt to insert markers into
existing gaps in these maps[41].
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